Summary
The crayfish plague agent, Aphanomyces astaci, has spread throughout Europe, causing a significant decline in native European crayfish. The introduction and dissemination of this pathogen is attributed to the spread of invasive North American crayfish, which can act as carriers for A. astaci. As native European crayfish often succumb to infection with A. astaci, determining the prevalence of this pathogen in non-native crayfish is vital to prioritise native crayfish populations for managed translocation. In the current study, 23 populations of invasive signal crayfish (Pacifastacus leniusculus) from the UK were tested for A. astaci using quantitative PCR. Altogether, 13 out of 23 (56.5%) populations were found to be infected, and pathogen prevalence within infected sites varied from 3 to 80%. Microsatellite pathogen genotyping revealed that at least one UK signal crayfish population was infected with the A. astaci genotype group B, known to include virulent strains. Based on recent crayfish distribution records and the average rate of signal crayfish population dispersal, we identified one native white clawed crayfish (Austropotamobius pallipes) population predicted to come into contact with infected signal crayfish within five years. This population should be considered as a priority for translocation.
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Austropotamobius pallipes; Ark Sites are often asymptomatic carriers of the pathogen, in native European crayfish infection is usually fatal (Unestam and Weiss, 1970; Diéguez-Uribeondo et al. 1997; Bohman et al. 2006; Kozubíková et al. 2008; Oidtmann, 2012) . Therefore, preventing the spread of this pathogen in regions with populations of highly susceptible hosts is a conservation priority.
One of the main American crayfish species responsible for spreading A. astaci in Europe, the signal crayfish (Pacifastacus leniusculus), was first introduced into the UK from Sweden during the 1970s for aquaculture (e.g. Holdich and Reeve 1991; Alderman 1996; Peay and Hiley, 2005; Holdich et al. 1999 Holdich et al. , 2014 . This corresponded with mass declines in Britain's historically abundant native white clawed crayfish (Austropotamobius pallipes) (see Holdich and Reeve 1991; Holdich and Sibley 2009; Holdich et al. 2009 Holdich et al. , 2014 James et al. 2014) , to such an extent that since 2010 they have been categorised as endangered (IUCN, 2015) . Whilst it was widely considered that reductions in native crayfish were, at least partially, due to the transmission of A. astaci from signal crayfish, screening and detection of this pathogen in the UK did not occur until the early 1980s (Alderman 1996) . 1984 , 1990 Holdich and Reeve 1991; Alderman 1996; Lilley et al. 1997; Holdich 2003 which is restricted to a single catchment (James et al. 2016) .
Gaining a comprehensive understanding of A. astaci distribution in the UK is essential for native crayfish conservation. It is generally considered that the only way of ensuring the sustainability of white clawed crayfish in the UK is through the establishment of isolated "Ark Sites" free from non-native crayfish and at low risk of their invasion (Peay, 2009 ). Resources for implementing such conservation measures are, however, limited and so the selection of native crayfish populations for translocation needs to be a well-informed process. Native crayfish populations in close vicinity to A. astaci-infected invasive crayfish populations are at higher risk of extirpation than those neighbouring uninfected ones (Söderbäck, 1994; Westman et al. 2002; Schulz et al. 2006; Dunn et al. 2009; Schrimpf et al. 2013 ). Co-existence of native crayfish with invasive crayfish for several years has been observed in the absence of A. astaci (see Söderbäck, 1994; Westman et al. 2002; Schulz et al. 2006; Dunn et al. 2009; Schrimpf et al. 2013) . Therefore, it is of greater urgency to translocate native crayfish populations at high risk of A. astaci transmission, than those in close proximity to uninfected invasive crayfish.
Here, we used quantitative PCR (qPCR) to assess the prevalence and intensity of infection with A. astaci in 23 populations of invasive signal crayfish in England and Wales.
Using these data in combination with long term white clawed crayfish distribution records astaci (determined by their proximity to an A. astaci-infected signal crayfish population).
Given that A. astaci genotypes differ in virulence (Becking et al. 2015; Makkonen et al. 2012 ), when possible, we also genotyped the strain of A. astaci.
Methods
For this study, invasive signal crayfish (Pacifastacus leniusculus) from the UK were screened for the presence of Aphanomyces astaci using similar molecular methods in two separate Table 1 ).
From each crayfish, a section of tail fan and soft abdominal cuticle were harvested for A. astaci screening. For animals processed in CUNI soft cuticle from two limb joints and any sections of melanised cuticle were also collected and pooled (Svoboda et al. 2014 an average taken when calculating pathogen DNA concentrations. At CUNI each isolate was run twice, undiluted and a 10-fold diluted replicate to test for inhibition that may affect the efficacy of pathogen detection (Vrålstad et al. 2009; Strand et al. 2011) . Based on the strength of the PCR signal, we assigned the relative level of A. astaci infection to semi-quantitative agent levels (A0-A7; according to Vrålstad et al. 2009; Kozubíková et al. 2011) . Samples designated as A2 or higher were considered positive for A. astaci presence. These data were used to determine the prevalence of A. astaci in the studied populations, and its 95% confidence intervals. Confidence intervals were calculated using the function "epi.conf" included in the library "epiR" (Stevenson et al. 2013) for the statistical package R vs 3.2 (R, 2013). Pathogen genotyping was only conducted for A. astaci-infected crayfish that were tested at CUNI (samples processed at Cefas were done so before microsatellite genotyping became available for A. astaci). As most of these crayfish harboured relatively low infection intensities (A2-A3), pathogen genotyping was only possible for crayfish from one population, the Mochdre Brook (Wales). From this population, pathogen DNA from one crayfish (harbouring an A3 agent level infection) was analysed using nine A. astaci-specific microsatellite markers (Grandjean et al. 2014) . Genotyping was attempted for another crayfish from this population but, presumably due to the relatively small amount of pathogen DNA present, this was un-successful. Prior to genotyping the sample was concentrated using a Concentrator Plus 5305 (Eppendorf) to increase pathogen DNA concentration. The results were compared with the A. astaci reference strains described in Grandjean et al. (2014) .
We assessed native white clawed crayfish populations at potential risk from the 13 signal crayfish populations where we detected A. astaci using recent (2009 onwards) native crayfish distribution records (Craybase database, James et al. 2014) . In this regard, we are aware that it is not possible to declare those signal crayfish populations where the pathogen was not detected as uninfected. As such it should be noted that in the context of native crayfish risk assessment the purpose of this study is only to show where A. astaci definitely is present (or has been recently) and highlight surrounding native crayfish populations potentially at risk of disease. For these purposes, sites where A. astaci was detected were mapped and any native crayfish populations, not already exposed to signal crayfish, within a 7.5, 10, 12 or 15 km aerial radius were recorded. Locations harbouring native crayfish were searched for within the signal crayfish records contained in Craybase (7166 in total, James et al. 2014), and only those not already invaded were considered for risk assessment purposes.
Buffer zones (i.e. 7.5, 10, 12 and 15 km) were selected on the basis that the average rate of signal crayfish population expansion along a river in the UK has been estimated as 1. (Table 3) . Of these, the population in River Cilcenni, South Wales, was closest (within 7.5 km) to infected signal crayfish (Table 3) . These infected crayfish from the Bachowey River were also within 15 km of an additional six extant native crayfish populations (Table 3) . Due to the low spatial resolution of the river network data available it was, however, often not possible to determine if the waterbodies harbouring these native and invasive crayfish populations were connected.
Discussion
Using molecular diagnostics, we provide the first comprehensive study of Aphanomyces Skov et al. 2011; Filipová et al. 2013; Schrimpf et al. 2013; Tilmans et al. 2014) . The situation in the UK seems to almost mirror that reported from France, with 53% (24 out of 45) of signal crayfish populations being infected with A. astaci and the pathogen prevalence ranging from 8 to 80% (Filipová et al. 2013 ).
In the current study, microsatellite genotyping revealed the presence of an A. astacipositive DNA isolate congruent with the reference genotype group B strain (Grandjean et al. 2014 ) at eight of the nine loci tested. Such intra-genotype group variation has been reported Therefore, native white clawed crayfish populations in close vicinity to A. astaci-infected signal crayfish are predicted to be at greater risk of local extinction than those neighbouring uninfected signal crayfish. Considering that only a portion of the signal crayfish populations Therefore, from a conservation perspective, the risk posed to native crayfish from different invasive crayfish populations may be asymmetric. As such, considering A. astaci prevalence data will improve risk assessments for native crayfish populations. Based on our findings we recommend increased A. astaci screening, using appropriate pathogen specific molecular methods, of non-native crayfish populations in the UK, to fully assess the risks to native crayfish and target populations for translocation. As part of this, those populations where we detected trace levels (i.e. below the limit of detection) of A. astaci should be re-tested to ascertain whether they are harbouring a low prevalence infection. Figure 1 . Location of the invasive signal crayfish populations tested for Aphanomyces astaci in the current study using qPCR. For each population, the percentage of crayfish tested that were infected with A. astaci (i.e. the pathogen prevalence) is shown using a pie chart, with the shaded portion of each chart representing infected individuals, and the diameter of the circle the sample size (n=8-30). Black shading indicates that the highest infection intensity (reported as semi-quantitative agent levels, see Vrålstad et al. 2009 ) detected was A3, blue A4 and red A5. White circles show populations where the pathogen was not detected at any level (A0). Circles containing black stars represent those populations where trace levels of the pathogen (A1) were amplified. As an infection intensity of A1 is considered below the limit of detection for the method used (Vrålstad et al. 2009 ) these populations are classed as uninfected; although the possibility of them harbouring A. astaci at a low prevalence remains. 
